Introduction {#S1}
============

Traumatic brain injury (**TBI**) and the long-term consequences of repeated concussions are a mounting concern in the United States, with 5.3 million individuals living with a TBI-related disability.^[@R1]^ TBI exists as a spectrum, ranging from mild to severe brain trauma, such as intracerebral hemorrhages (ICH) and penetrating missile wounds. However, on the mild end of the spectrum, concussions are far from trivial, as even mild concussions can result in prolonged deficits. The Centers for Disease Control (CDC) estimates that 1.4--3.8 million concussions occur annually in the United States alone.^[@R2],[@R3]^ Efforts to develop therapeutic treatments to deal with the effects of concussions and TBI, as well as possible measures to prevent the secondary effects of head injury in military or sports-related situations, must be based on an understanding of what constitutes TBI, what conditions contribute to the severity of TBI, and what might be the treatment "window" for interventional therapeutics. Attempts to understand mechanisms and possible therapeutic approaches to alleviate the consequences of repeat mild concussions or TBI on cerebral vasculature have led researchers to focus on several aspects of the trauma, including: (1) the physical characteristics of trauma or insult that result in damage; (2) the time "window" after trauma in which neuropathological features develop; (3) methods to detect possible breakdown of the blood--brain barrier (BBB); and (4) understanding the possible different consequences of single as compared with multiple concussions.

The present paper briefly reviews literature on the milder TBI spectrum of concussions and mild TBI. Attention will first be focused on concussion and TBI in humans, with a goal to point out the gaps in our knowledge and how the solution to these gaps may be informed by results from studies in rodent models. Although the bulk of results demonstrate that laboratory rodents exhibit physiological and behavioral responses similar to neurotrauma to humans, it is crucial to bear in mind that lissencephalic rodent cortex, along with possible species differences in fundamental cell biology, may not allow experimental results in rodents to comprehensively model the complex changes in human cortical anatomy following injury.^[@R4]^

Specifically, we will focus on disruptions that concussion causes to the BBB and its multifaceted consequences. Secondary repercussions of post-concussion BBB dysfunction may manifest as neuronal loss, impaired consciousness, memory and motor impairment, cognitive decline and even increased dementia risk.^[@R5],[@R6]^ Importantly, the magnitude of post-concussion BBB dysfunction may influence the time course and extent of neuronal recovery; hence, we include in this review comparisons of more severe TBI to concussion where appropriate.

Overview of the BBB {#S2}
===================

The BBB is a highly selective barrier, formed by specializations of endothelial cells (ECs), which separates circulating blood from neuroparenchymal extracellular fluid.^[@R7]--[@R11]^ In addition, astrocytes, microglia, and pericytes contribute to the formation and maintenance of the BBB, and also contribute to aspects of selectivity and specificity regarding the molecules able to traverse the BBB ([Figure 1](#F1){ref-type="fig"}).^[@R12]^ ECs line all vascular structures, but those of the cerebral vasculature are characterized by different genetic profiles than those of other organs.^[@R13]^ Characteristics of ECs that contribute to the regulation of molecular movement between circulating blood and brain parenchyma include tight junctions between adjacent cells, specialized vesicles that contribute to the selectivity of transcellular movement of molecules, and active transport mechanisms. The tight junctions are composed of smaller subunits, often biochemical dimers,^[@R14]^ which are transmembrane proteins including occludins, claudins, and junctional associated proteins (shown in [Figure 1](#F1){ref-type="fig"}). Moreover, glial and ECs communicate via paracrine signaling, contributing to the integrity of the BBB.

Lipophilic^[@R15]^ and/or very small compounds including water and some gases can pass through the BBB with little resistance. Larger molecules, such as glucose or insulin, can be facilitated past the barrier by transporter proteins located in the endothelial layer of the brain's blood vessel wall.^[@R16]^ BBB disruption can allow into the neuroparenchyma potentially toxic blood-borne factors (largely proteins), in addition to uncontrolled signaling fluxes from the cellular components of the BBB. These adverse effects will be explored in detail with regard to neurotrauma severity.

BBB studies in humans across the neurotrauma spectrum {#S3}
=====================================================

The first challenge to understanding neurotrauma is the development of a reliable means of assessing neurotrauma severity. In this regard, standardized scales have proven to be advantageous. The Glasgow Coma Scale (GCS) is a standardized neurotrauma severity scale commonly used clinically in humans, which in conjunction with duration of post-traumatic amnesia (PTA), and loss of consciousness (LOC) duration can classify TBI severity.^[@R17]--[@R25]^ Although the GCS is a widely used index of TBI severity, there is widespread agreement that improved tools for the classification and subtyping of brain injuries in humans are needed; considerable efforts to develop such tools are underway.^[@R26],[@R27]^ Other systems, including the Abbreviated Injury Scale (AIS), Trauma Score, and Abbreviated Trauma Score, have been developed to classify TBIs.^[@R28],[@R29]^ The Mayo Classification System for Traumatic Brain Injury Severity has since been developed as a single TBI classification system that uses GCS, PTA, LOC duration, and the presence of skull fractures to accurately classify TBI severity.^[@R30]^ Although many of these approaches have focused on behavioral and clinical neurological assessments of the degree of trauma, additional studies have focused on measures of BBB breakdown.

In the following sections, we review the current understanding of BBB and EC changes post-neurotrauma by injury "severity." First, we will discuss BBB and EC changes post-concussion in humans; then we will examine common changes in mild, moderate, and severe TBI. An important and still unresolved issue is the question of how best to detect possible breakdown in the BBB following neurotrauma. This issue will be addressed more fully below in the section on animal models, where the general approach is to inject tracer molecules intravascularly and look for leakage into brain parenchyma. Studies in humans are constrained by procedural and ethical issues, but researchers have investigated both leakage of known brain parenchymal molecules into the circulating blood and the leakage of red blood cells or serum proteins into brain parenchyma.^[@R31]^

Concussion {#S4}
==========

Concussion and mild TBI (mTBI) are terms that historically have been used interchangeably, but technically are different entities with concussion constituting a subset of mTBI. Although the delineation between mTBI and concussion is blurry, we attempt to distinguish the two throughout. Concussion is broadly defined by the Quality Standards Subcommittee of the American Academy of Neurology (AAN) as transient neurological dysfunction due to biomechanical force that may or may not involve LOC; or "an event during which there has been the transmission of physical energy imparted to the head (and neck) by an acceleration."^[@R32]^ Like in mTBI, LOC is usually present, but not required for a diagnosis of concussion. Additionally, a medical diagnosis of post-concussive syndrome (PCS), which refers to signs and symptoms frequently seen post mild head injury, can differentiate concussion from mTBI; however, the pathogenesis of PCS is not known.^[@R33]^

It is well known that concussive forces can have a multitude of neurological sequelae, including ionic fluxes (rodent),^[@R34]^ indiscriminate neuroparenchymal glutamate release (rodent),^[@R35]^ hyperglycolysis (rodent),^[@R36]^ lactate accumulation (rodent),^[@R37],[@R38]^ and diffuse axonal injury (cat, human).^[@R39]--[@R41]^ Secondary consequences include intracellular hypercalcemia (rodent),^[@R42]--[@R44]^ mitochondrial dysfunction (rodent),^[@R45],[@R46]^ impaired oxidative metabolism (cat),^[@R47]^ decreased glycolysis (rodent),^[@R48]^ diminished cerebral blood flow (rodent),^[@R49],[@R50]^ axonal disturbances, neurotransmitter disarray, and apoptotic delay.^[@R51]^ Furthermore, the post-injury period increases the brain's susceptibility to further damage. This suggests that even small concussive forces, which remain undetectable in humans by current techniques, may increase the risk for damage from subsequent impacts and thus have clinically relevant consequences, which are additive over time.

Marchi et al.^[@R52]^ used diffusion tensor imaging (DTI) and serum measurements of S100B (a glial-specific protein secreted by cells in the central nervous system (CNS) and used as a marker of BBB disruption) and S100B autoantibodies to evaluate whether low-force head impacts can disrupt the BBB even when they are not considered as classic neurotrauma.^[@R53]^ The study included 67 college football players. In a subset of the players (n=15), for whom pre- and post-game blood samples were available, the players with the most sub-concussive head impacts, based on self-report and review of corresponding game recordings, had detectable serum levels of S100B and elevated levels of auto-antibodies against S100B. Serum S100B antibodies predicted lasting changes in mean brain white matter diffusivity in a subset of players (n=10) who had pre-season, post-season, and six-month follow-up DTI scans. They also found that post-season S100B autoantibodies also correlated with impulse control and balance problems. Although the study sample is too small for conclusive findings, this research supports the hypothesis that repetitive head impacts---even of low force---may lead to BBB disruption. With recurrent concussions, the effects can be similar to a TBI, as will be discussed later.

In an alternative approach, some investigators have focused on cerebral microbleeds,^[@R54]^ which are small collections of red blood cells, or their iron-containing residues, that can be detected by magnetic resonance imaging. Such microbleeds have been demonstrated to result from a variety of cerebral traumas, including stroke, seizures, and head trauma.^[@R55]^ These microbleeds can occur following concussion and increase the risk for future ICH, which contributes to cognitive impairment and dementia.

Studies have found that after concussion, various neuropathological changes may persist for days or weeks in humans. For example, even in individuals with normal GCS scores, significant changes in cerebral glucose metabolism were found with the first month post-concussion.^[@R56]^ Specific interest is now turning to finding cerebrospinal fluid (CSF) and peripheral biomarkers that can be used to assay concussion, TBI, and BBB integrity---though none have been widely used clinically.^[@R57]^ One study examined individuals with PCS using electroencephalogram recordings and single photon emission computed tomography to examine the BBB. The results showed that abnormal rhythm generators were closely related to the anatomic location of the injury and corresponding BBB lesion. The authors suggested that focal cortical dysfunction, BBB disruption, and hypoperfusion might underlie the pathogenesis of PCS.^[@R33]^

Among proteins in circulating blood, in addition to S-100β discussed above, other potential biomarkers for concussion and mTBI include ubiquitin C-terminal hydroxylase L1 (UCH-L1), neuron-specific enolase (NSE), cleaved *i* protein (CTP), brain-derived neurotrophic factor (BDNF), creatine kinase brain isoenzyme (CKBB), glial fibrillary acidic protein (GFAP), and myelin basic protein (MBP), but only UCH-L1, S-100β, NSE, and CTP have been studied in patients with mTBI.^[@R58]--[@R61]^ NSE, similar to S-100β, has a very variable sensitivity ranging from 40 to 89%, making it too insensitive to diagnose mTBI, and does not reliably provide prognostic information on mTBIs.^[@R62]--[@R65]^ Similarly, CTP has not been found to significantly differ between control subjects and those with mTBI.^[@R66],[@R67]^ UCH-L1 has also been demonstrated to be elevated in TBI patients, with less severe TBI (GCS of 6--8) being associated with lower UCH-L1 levels in CSF.^[@R68]--[@R70]^ NSE, GFAP, BDNF, CKBB, and MBP all correlate with TBI severity but are also found in patients with polytrauma without TBI.^[@R71]^ With the exception of S100B, these other biomarkers have not been studied as well and do not appear to be promising for diagnostics.

Vascular changes post-concussion {#S5}
--------------------------------

Following direct impact to the brain, considerable variation in displacement characteristics between different structures, which can lead to intracranial shear, tensile, and compressive forces. Impact-induced shearing stresses result in axonal injury as well as primary vascular damage leading to the leakage of blood-borne proteins and extravasation of red blood cells into the brain parenchyma. In addition to these specific regions, isolated petechial hemorrhages were scattered throughout the brain and were sometimes located contralateral to injury---consistent with a *coup-contracoup* injury in mild head injuries.^[@R9],[@R72]^ In addition to these clear damages to vascular elements, more subtle damage to the BBB can result from concussion. Although EC changes in humans post-concussion have not been well characterized, BBB damage likely causes significant changes to EC microstructure and function. The above studies, which focused on BBB changes post-concussion, suggest that neurological trauma of any magnitude has substantial clinical consequences. Next, the effects of mTBI on BBB and EC integrity will be examined.

mTBI {#S6}
====

Concussion and mTBI share many similarities. The diagnostic criteria differentiating the two are sometimes elusive and non-delineative. The two terms are often used interchangeably, as concussion is normally considered the mildest arm of the TBI spectrum.^[@R73]^ A recent review of concussion and PCS helped distinguish PCS from mTBI.^[@R74]^ The model defines mTBI using the American Congress of Rehabilitation Medicine and the CDC criteria: Mechanical force to the head resulting in LOC for no more than 30min or amnesia and a GCS of 13--15. Concussion is defined using the AAN criteria of a trauma-induced alteration of mental state with or without LOC. This implies that concussion is relatively transient from a clinical perspective, with a shorter time course in comparison to mTBI, and no or very brief LOC; yet, both concussion and mTBI can lead to permanent alterations in brain function. Individuals with both mTBI and concussion may have clinically silent symptoms. PCS, as defined by Willer and Leddy, is the clinical persistence of concussive symptoms beyond the period where the individual would have been expected to recover, which is usually a three-week period, and subsequently the single incident would qualify as mTBI.^[@R75]^ Although this definition is clinically useful, it deemphasizes the potential longterm sequelae of concussion and mTBI.

The National Center for Injury Prevention and Control considers mTBI as a "silent epidemic" due to the subclinical symptomatology and lack of visible neurostructural changes normally seen in severe neurotrauma.^[@R76]^ Currently, no universal criteria of mTBI exist.^[@R77]^ Commonly accepted criteria include physiological disruption of cognitive function manifested by one or more of the following: alteration of mental state, LOC, memory loss, or focal neurological deficit.^[@R78],[@R79]^

Humans demonstrate a particular vulnerability to mTBI in the frontal lobes. Interestingly, studies have shown that acute mTBI and chronic mTBI differ in fMRI-determined levels of anisotropy---with acute mTBI associated with elevated anisotropy values while chronic mTBI is correlated with depressed anisotropy.^[@R80]^

Studies of TBI and inflammatory responses {#S7}
=========================================

Currently, the utility of inflammatory biomarkers to assess the severity of neuropathology following mTBI remains elusive. However, recently some human studies have begun to explore the important relationship between inflammatory markers and mTBI. Importantly, Hergenroeder et al.^[@R81]^ found plasma levels of C-reactive protein (CRP), a sensitive but non-specific marker of systemic inflammation, to be a robust predictor of TBI pathological symptomatology. In fact, by Su et al. identified a significant association between continued elevated CRP levels and increased the incidence of PCS (OR=2.719; CI 95%: 1.609--4.594) in 213 patients with mTBI.^[@R82]^ Essentially, among this cohort of patients, persistent higher CRP levels forecasted clinically relevant cognitive impairment.

Moreover, S100B is a calcium-binding protein that is notably detected in glial cells at physiologic concentrations. However, overproduction of S100B at levels \>0.30μg/L of plasma at six months after mTBI was linked to neuroinflammation and injury.^[@R83],[@R84]^ In particular, Zongo et al. examined CT scans and plasma S100-B for 1560 patients with mTBI and found that patients with positive CT scan had a higher S100B median relative to patients with negative CT scan results (0.46 vs. 0.22μg/L, p\<0.001).^[@R85]^ Furthermore, prior studies have shown IL-6, a pro-inflammatory cytokine, to be an independent predictor of mTBI.^[@R86],[@R87]^ Interestingly, the findings of a study that evaluated inflammatory markers in 16 pediatric patients demonstrated higher concentrations of IL-6 in patients with mTBI relative to controls without injury, (p\<0.00).^[@R88]^ Finally, these investigations highlighted novel inflammatory markers that can, to some extent, uniquely classify mTBI in human patients, thereby translating theory into clinical practice.

While studies focusing on systemic inflammation after mTBI in humans are limited, the opposite trend is observed for studies on severe TBI. Specifically, Kossmann et al.^[@R89]^ examined IL-6 levels in the serum and CSF of 20 patients with severe mTBI and found maximum levels of IL-6 on day 1 and 2 post-trauma in both of these body fluids. Pointedly, peak IL-6 levels strongly correlated with severe BBB dysfunction (r=0.637, p=0.001) and CRP and α~1~-antitryptin reactant proteins (r=0.605, p=0.004; r=0.719, p=0.0002) in serum. Ultimately, these findings highlight the principal role of the CNS in initiating the acute-phase response in patients with severe TBI.

Likewise, Hergenroeder et al.^[@R90]^ assessed the relationship between IL-6 levels and intracranial pressure (ICP) in patients with severe TBI (GCS\<8) and found a significant mean difference between healthy controls and severe TBI patients, with the latter having higher IL-6 levels and experiencing ICP ≥25mm Hg.^[@R90]^ To further refine this relationship, increases in ICP are dependent on the formation of brain edema; thus and not surprisingly, peak pressures were found three to five days post-injury. Ultimately, these studies all underline the importance of identifying prognostic inflammatory biomarkers in patients with TBIs in order to advance and support clinical management.

Studies of TBI in laboratory rodents {#S8}
====================================

While a common goal is to understand mechanisms of TBI in humans and then develop therapeutic interventions, the combination of ethical and procedural challenges of doing mechanistic work in humans has led to efforts to develop neurological models in laboratory animals, primarily rodents, and test hypotheses in these models. Use of rodent models allows investigators to address the fundamental issues outlined above, including: (1) the physical characteristics of trauma or insult that result in damage; (2) methods to detect possible breakdown of the BBB; (3) the time "window" after trauma in which neuropathological features develop; and (4) understanding possible different consequences of single as compared with multiple impacts. The integrity of the BBB is of critical importance in determining the sequelae of cerebral impact; the use of laboratory rodents also has allowed a closer look at the organization of the BBB.

Rodent models of TBI {#S9}
====================

Exhaustive modeling of TBI has been well characterized in rodents. Both invasive and non-invasive models have been developed to mimic neurophysiological and pathological changes post-TBI. Several models with various parameters exist, such as the controlled cortical impact (CCI) model,^[@R91]^ the weight drop acceleration impact model,^[@R92]--[@R94]^ the blast model,^[@R95],[@R96]^ and the fluid percussion model.^[@R97]--[@R99]^ Injuries produced in each model can range in severity based on varying levels of force applied to the skull or directly to the brain. Replication and reproducibility are consistent across laboratories, although a range of parameters has created a wide range of injury severity from mild to moderate to severe, relative to one another ([Table 1](#T1){ref-type="table"}).

For example, the CCI model utilizes commercially available devices that deliver impacts to either the skull or brain directly, at speeds ranging from 0 to 6.0m/s, depths of injury from 1 to 3.0mm, as well as different impactor tip diameters ranging from 1 to 5mm. Commercially available CCI devices have improved reproducibility of classic weight drop models that have variability due to imprecise impact location. When weights are dropped down a tube, lateral movement along the way down, and upon exiting the tube, can create an uneven, sided, and/or angled impact to the rodent's skull. CCI devices have resolved this short-coming with much more controlled injury location setup. As a result, CCI devices have become quite popular in modeling repeated mild mTBI.^[@R105]--[@R107]^

No exact definition of *mild, moderate*, *or severe* has been widely accepted in regards to injury parameters, but rather, these terms are used relative to one another in a spectrum of disease progression and mimic the clinical neuropathological presentation of varying TBI severities. Most often, mTBI is characterized in rodent models as having minimal LOC as defined by righting time post injury, little to no BBB breakdown, diffuse axonal injury, neuronal and synaptic changes, as well as metabolic changes.

Methods of detection of vascular changes post-TBI {#S10}
=================================================

While studies of BBB changes in humans have relied largely on analyses of brain parenchymal proteins appearing in circulating blood, experimental studies in laboratory rodents typically have relied upon intravascular injections of tracer molecules, and searching for evidence of extravasation of those tracer molecules into brain parenchyma.

The detection of disruption of brain vasculature in general and the BBB in particular is reliant in part upon the ability to image the fine vascular elements in brain. The use of immunohistochemistry to detect endothelial related markers has commonly been used, particularly Von Wildebrand factor and CD-31 or PECAM-1, a protein found on the surface of a variety of circulating blood cells and also on the surface of endothelial cells.^[@R108]^ Recently, the use of intravascularly injected tomato lectin has been used to provide a detailed image of cerebral (and other) vascular structures (see [Figure 2](#F2){ref-type="fig"}),^[@R109]^ and use of a zinc fixative before immunohistochemistry for CD-31 in thick vibratome sections has been shown to be helpful in visualizing brain vasculature.^[@R110]^

A common approach used intravascular injections of Evans blue to assess BBB leakage. Although Evans blue is a relatively small molecule, it binds rapidly and strongly to albumin, a \~68kDa protein that normally is prevented from extravasation into the brain by the BBB. Evans blue can be detected within brain parenchyma, either under bright field optics or fluorescent optics using a long wave length (deep red) filter, and continues to be a useful tool.^[@R111]--[@R115]^ Because Evans blue is tightly bound to albumin, other investigators have used intravascular injections of fluorescently labeled albumin.^[@R14]^

In addition to the use of Evans blue, investigators have also employed intravascular injections of horseradish peroxidase liposomes^[@R116]--[@R118]^---which also offers the advantage of being able to be detected electron microscopically^[@R15]^ and the extravasation of erythrocytes or endogenous plasma proteins from circulating blood into brain parenchyma.^[@R9],[@R116],[@R118]^

In an attempt to gain a better understanding of the cell biological bases of BBB breakdown, recent studies have employed dextrans.^[@R112]^ Dextrans are linear flexible carbohydrate molecules that are commercially available in varied lengths (molecular weights) ranging from 3kDa to 2000 kDa^[@R119]^ with varied fluorescent tags. Depending on their molecular size, the markers can be used to test both solute and ion permeability (low-molecular weight dextrans) and large molecule permeability (high-molecular weight dextrans). It should be noted that plasma proteins have been shown not to bind to FITC--dextran.^[@R112]^

Hoffman et al. evaluated assays from both EB and FITC--dextrans varying in molecular weight (4, 40, and 70kDa) in Wister rats following a 2-h middle cerebral artery (MCA) occlusion. Extravasation of EB and high-molecular FITC--dextrans (40 and 70kDa) in the infarcted region could be detected with all preparation methods use. However, there was no evidence of extravasation by the 4-kDa low-molecular weight dextran. Diffusion and washout of low-molecular weight FITC--dextran can be avoided when freshly frozen sections are used without a paraformaldehyde (PFA) or sucrose wash, thus minimizing false-negative results.^[@R119]^ Recent development of lysine fixable dextrans has reduced the problem of fixation and post-fixation diffusion of the dextrans.

Additionally, Nagaraja et al. conducted a study to evaluate if there is a limit on the size of a macromolecule before it leaks through the BBB. Following 3h of unilateral MCA occlusion and either 3 or 21h of reperfusion, 42 Wister rats were injected with both EB and fluorescent dextrans, ranging from 77 to 2000kDa. The study concluded that the 2000kDa dextran was too large to pass through the opening of the BBB after 3h of reperfusion in about 40% of the microvascular networks that were visualized.^[@R120]^

These studies give insight on the amount and extent of leakage that different dextrans could indicate, in regard to the disruption of particular components of the BBB. The studies indicate that selectivity in choosing a dextran size to assess BBB permeability as a result of neurotrauma is important. As described above, mTBI or concussion may result in decreased BBB permeability and requires the utilization of lower molecular weight dextrans to investigate BBB leakage. However, with more severe forms of TBI, dextrans of greater molecular weights can be used and will be easier to visualize BBB permeability. There is a need for further studies relating BBB permeability markers such as dextran with TBI visualization to test this hypothesis.

What component of the cerebral vasculature is "Leaky"? {#S11}
======================================================

Cortical vasculature includes arterioles, capillaries, and venules (see [Figure 3](#F3){ref-type="fig"}). While much attention to the components of the BBB has been focused on capillary endothelial cells, whether the leakage occurs exclusively or primarily from capillaries is not clear. Indeed, in an early study, Dietrich et al., studying effects of fluid percussion injury in rats, reported that intravascular injections of HRP-labeled small hemorrhages are associated with small venules.^[@R116]^ The involvement of venules was corroborated by Chodobski et al. who reported that extravasation of red blood cells occurs particularly from small venules.^[@R9]^ In lymphoid tissue, where movement of white blood cells between circulating blood and parenchyma is commonplace, movement of white cells occurs preferentially in post-capillary venules, through a specialized high endothelium. Despite the recent discovery of CNS lymphatics,^[@R121]^ such high endothelial linings of venules have not been reported for CNS vasculature. The identity of vascular components, when damaged, that allow movement of large molecules and leukocytes between brain and blood is an issue that awaits careful investigation.

The contribution from venules in breakdown of the BBB is supported by work in areas other than TBI. For example, Boroujerdi et al. studied a mouse model of multiple sclerosis (the EAE model) and found leakage of labeled fibrinogen from capillaries and venules at four to seven days following inoculation, while at 14 days after inoculation, leakage occurred only from venules.^[@R123]^ Further, Guerin et al. present evidence that in an experimental model of BBB breakdown, (from toxic poisoning of astrocytes) leakage of fluorescently labeled dextrans occurs from venules and some capillaries.^[@R124]^ No evidence currently is available suggesting leakage from arterioles.

Impact strength and cerebral vascular changes {#S12}
=============================================

Endothelial cell changes post-mTBI {#S13}
----------------------------------

mTBI can lead to increased BBB permeability via leakage of vasogenic factors and endothelial disruptors in human and rodent.^[@R110]^ Although Cornelius et al. pin-pointed primary and secondary damage resulting from any TBI injury, they do highlight BBB dysfunction and dysregulation following mTBI---defined by LOS \<30 minutes, amnesia \<24h, with transitory neuropsychiatric deficits and largely full recovery. These effects deplete energy and lead to alterations in calcium homeostasis.^[@R120]^ Excess cytoplasmic calcium is taken up by various calcium buffers of the cell, such as the mitochondria. Calcium intake by mitochondria affects the mitochondrial membrane potential and when its threshold is reached, the excess calcium is pumped back into cell cytoplasm. As cytosolic calcium levels rise, inflammatory cascades, apoptotic dependent and independent caspases and other protease pathways are activated in brain endothelial cells as well as in various other cell types of the brain, via studies in rodent brain.^[@R125]^

Although reactions such as vasogenic edema, EC activation, and calcium instability all work independently to initiate BBB breakdown at the level of EC tight junctions, they all synergistically weaken the BBB changes post-mTBI.^[@R126]^ This damage is dependent on time and severity of the head trauma. If the severity of the TBI is mild, there may not be this evolution of permanent BBB disruption, in contrast to moderate and severe TBI. Rat models of mTBI show that vascular breakdown is transient, lasting between four and six days.^[@R124]^ In this study, 1,3-Dinitrobenzene-induced glial degeneration resulted in BBB breakdown, which was investigated via fluorescent dextrans below 500,000mol wt in size. Disruption of the BBB was detected 18hfollowing dinitrobenzene dosage, and leakage continued for up to four days following lesion formation, but BBB integrity was re-established by day 6.

Timing of vascular changes post-TBI {#S14}
-----------------------------------

The question of timing of onset of vascular, as well as parenchymal, changes following TBI are of great importance, but the temporal pattern may vary with species investigated as well as choice of method to detect changes. Most commonly used has been Evans blue, and Cernak et al. report that EB labeling of BBB breakdown peaked 20min after TBI for rat pups aged 7, 14, and 21 days.^[@R127]^ Adult animals showed a second peak at 24h post-TBI. Boyd et al. report that "stealth" liposomes enter the brain 0 to 8h after TBI.^[@R15]^ Shapira et al., using weight drop impact on ether anesthetized rats, reported extravasation of Evans blue as early as 15min after impact, and Evans blue labeling continued through four days post-impact.^[@R115]^ Glushakova et al. report that delayed increases in microvascular pathology after CCI-induced low- and high-magnitude TBI in rats is associated with prolonged BBB disruption.^[@R128]^ Tanno et al.^[@R118]^ studied fluid percussion injury in rats and intravascular HRP and report that the impact site was permeable to HRP for up to 72h after impact.

BBB disruption normalizes within one week in several injury models, including CCI and weight drop models, yet recent studies show BBB permeability up to 30 days after ischemic insult.^[@R129]^ Collectively, these observations suggest that BBB integrity represents complex and dynamic sequelae meriting attention during acute and delayed stages post-severe TBI.

Comparison of single vs. multiple impacts {#S15}
-----------------------------------------

The emerging literature from studies of TBI in humans is indicating that multiple incidents of trauma produce markedly greater brain trauma than do single incidents. As with other aspects of TBI, the variation of sites and strengths of multiple head traumas has led investigators to search for mechanisms using animal models.

A study of functional consequences using a lateral fluid percussion model has demonstrated that rats sustaining three impacts display deficits in long-term potentiation (a model of learning), while a single impact results in non-detectable deficit.^[@R130]^ A series of contributions from Petraglia et al.^[@R131]--[@R134]^ have described the pathological and behavioral effects of repetitive TBI in a closed skull model of TBI in mice and demonstrated the clearly greater effects of multiple impacts on a variety of behavioral measures.

While much attention has been focused on the cellular (both neural and glial) response to TBI, as well as its behavioral consequences, less attention has been directed toward understanding possible effects of TBI on cerebral vasculature. Our laboratory has begun a series of preliminary experiments, studying the effects of varied impact parameters of TBI on cerebral cortical vascular elements, as well as the possible "leakiness" of those cortical blood vessels. These studies required a combination of techniques, including: (1) intravascular injections of fluorescently labeled lectin^[@R109]^ as a general label for the endothelium of cerebral cortical blood vessels, combined with (2) intravascular injections of tracers, including Evans blue, labeled albumin, or dextrans of varied molecular weights to study the possible movement of molecules of varied sizes from circulating blood into brain parenchyma. Injections of lectins and tracers were made at varied times, ranging from just prior to TBI injury to one month post injury. The pilot study consisted of three groups, (1) a repeat-hit group, (2) a single-hit group, and (3) a sham group. With IACUC approval, a 1cm region on the top of the head was shaved in isofluorane-anesthetized mice. Mice then received unilateral injuries over the right hemisphere either once, or five consecutive injuries over five days using a TBI-0310 Impactor (Precision Systems and Instrumentation, Lexington, KY). Parameters were set at 4m/s for impact velocity, a 50-ms dwell time, and a 1mm penetration depth to produce a moderate strength injury consistent with concussion-like behavioral symptoms in the mice.

Preliminary experiments were undertaken to determine if TBI impact had discernable effect on morphological features of cortical vasculature elements, and for these studies intravascular injections of lectins were used. [Figure 2(a)](#F2){ref-type="fig"} shows green lectin labeling of cortical vascular elements from a normal control mouse, revealing the dense network of small vessels in the cortical tissue. [Figure 2(b)](#F2){ref-type="fig"} is a slightly higher magnification view, in this case of red-labeled cortical vascular elements, again from a normal control mouse. Most labeled vessels appear to be small capillaries, although some slightly larger vessels (likely to be venules) also can be seen. [Figure 2(b)](#F2){ref-type="fig"} presents an image from cortex of a mouse 24h after receiving a single TBI impact of moderate impact strength. Note the relatively normal appearing vasculature, with the exception of three apparently dilated vessels (possibly venules) as indicated by the arrows. [Figure 2(c)](#F2){ref-type="fig"} presents a comparable photomicrograph of the cortex of a mouse after five daily TBI impacts of moderate strength. Note the marked increase in the number of apparently dilated vessels and the apparent reduction of the normal cortical small vessel network. Current work in our laboratory is directed at developing quantitative techniques so that reliable assessments can be made of the effects on cortical vasculature of a varied of parameters of TBI, including impact strength, number of impacts, and time after impact before assessment.

While these impacts appear to result in dilation of some cortical vessels, the more important question is likely to be whether the integrity of the blood vessel wall, and thus the BBB, is affected by the impacts. [Figure 4](#F4){ref-type="fig"} presents preliminary results from a case in which a mouse received a single TBI impact. In this case, three views of a single section of cerebral cortex are seen under different fluorescence optics. [Figure 4(a)](#F4){ref-type="fig"} is the section under fluorescein optics to show the green lectin-labeled vasculature. Note the cortical network of vessels, and the one dilated vessel (arrow) near the center. [Figure 4(b)](#F4){ref-type="fig"} shows the section under rhodamine optics, which reveals both the 594-labeled 10Kd dextran as well as the Evans blue (fluorescing red). It is clear that some dextran and/or Evans blue was extravasated from the circulating blood; the punctate appearance of the red labeling suggests that much of the dextran and/or Evans blue has been taken up by local neurons or glial cells. [Figure 4(c)](#F4){ref-type="fig"} presents an image of the same section, as seen under UV optics to reveal the 4',6-diamidino-2-phenylindole (DAPI)-labeled nuclei of neurons and glial cells. The DAPI does not provide a particularly sensitive indicator of the integrity of cortical parenchyma, but no evidence of gross damage is visible.

Work in our laboratory now is directed toward using different molecular weights of dextrans and different times between TBI and impact in an attempt to understand what aspects of the BBB may be affected by the TBI impacts.

It is becoming clear that multiple TBI impacts have greater effects on a several measures of cortical integrity. For example, [Figure 5](#F5){ref-type="fig"} presents preliminary results from a mouse that was injected with lectin and euthanized seven days following a series of five hits of moderate strength. [Figure 5(a)](#F5){ref-type="fig"} shows red lectin-labeled cerebral cortical (and hippocampal) vessels, with several clearly dilated blood vessels. GFAP labeling of astrocytes normally is very scant in cerebral cortex, but the image in [Figure 5(b)](#F5){ref-type="fig"} shows evidence of proliferated astrocytes surrounding the impact site in cortex. [Figure 5(c)](#F5){ref-type="fig"} shows Fluoro-Jade labeling in an adjacent section; Fluoro-Jade can be used as an indicator of degenerating neuronal tissue.^[@R135],[@R136]^

Conclusion {#S16}
==========

The consequences of TBI and repeated concussions are a growing concern in the United States. Despite increasing evidence linking head injury to a variety of cognitive alterations including dementia, the mechanisms and therapeutic approaches to alleviating the consequences of repeat concussions or TBI on cerebral vasculature have yet to be fully understood. It is clear that a variety of BBB microstructural and subsequent functional changes occur in a graded manner following head injury. As researchers work toward developing interventional therapeutics to alleviate the deleterious effect of TBI, it will be important that further studies are undertaken using tools that allow quantitative assessments of changes in both the morphological features of the vasculature, as well as the functional integrity of the BBB. Such studies will allow a better understanding of injury severity on the time "window" in which neuropathological features develop, and the effects of repeat vs. single injuries on the BBB and vascular endothelial cells.
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![Diagram depiction of the blood--brain barrier (BBB). In the upper left, a cross-sectional depiction of a mouse brain is shown. The upper right panel focuses on the intraparenchymal blood--brain barrier (BBB), demonstrating astrocyte foot-processes, in conjunction with pericytes, forming highly selective tight junctions between capillary endothelial cells. This restricts the movement of many microscopic and macromolecular compounds. The barrier is reinforced by a thick basement membrane. Disruption of the BBB results following concussion and traumatic brain injury (TBI). Microanatomical and functional changes in the cellular constituents of the BBB, such as the endothelial cells, following TBI, result in "leakiness" of the tight junctions and can allow toxic compounds to pass through, compromising neuronal integrity. The two lower panels focus on the molecular components of the tight junction, which include dimeric transmembrane proteins such as occludin, claudins, and junctional adhesion molecules (Jam).](nihms-1010209-f0001){#F1}

![Fluorescence photomicrographs of sections of cerebral cortex from mice that received intravenous injections of labeled tomato lectin. (a) Normal control mouse, injected with labeled 488 nm lectin. (b) Another normal control mouse, injected with 594 (red) labeled lectin; most labeled vessels are likely capillaries, although arrows indicate larger vessels, likely venules. (c) Mouse injected with 594 lectin 24 h following a single TBI head impact of moderate strength; note the three dilated vessels in cerebral cortex. (d) Mouse injected with 594 lectin after five daily impacts of moderate strength; note the several dilated vessels in cortex (arrows), as well as the reduced numbers of normal appearing capillaries.](nihms-1010209-f0002){#F2}

![Diagram depiction of systemic blood vessels demonstrating blood flow from an artery to an arteriole, venule, and vein. The blood--brain barrier (BBB) is found at the level of the capillaries within the brain and is not present in normal circulation. Although most of the focus on BBB changes following TBI has focused on capillaries, a growing body of evidence is supporting the importance of small venules distal to the arterial and capillary circulation. No evidence has yet demonstrated leakiness at the level of the arterioles.^[@R122]^](nihms-1010209-f0003){#F3}

![Fluorescence photomicrographs of a single section of cerebral cortex from a mouse that received an intravenous injection of a combination of Evans blue and 594 labeled 10 Kd dextran, followed 5 min later by a single TBI impact, followed by a intracardiac injection of 488 labeled lectin. (a) Lectin labeling showing abnormal cortical vascular elements including a widely dilated vessel in the center (arrow). (b) Dextran labeling showing evidence on extravasation, and probable cellular uptake, of 10 Kd dextran in the regions surrounding the dilated vessel in (a). (c) DAPI labeling of cell nuclei in the cortex, showing no gross loss of neuropil; DAPI was applied as part of the mounting medium when cover-slipping the section. Calibration bar in C = 250 μm for all images.](nihms-1010209-f0004){#F4}

![Fluorescence photomicrographs of three adjacent sections from mouse cerebral cortex demonstrating the effects of a series of five impacts (moderate strength), seven days after the last impact. (a) Cortical vasculature, as indicated by 594 (red) labeled lectin. (b) Astrocyte proliferation, as indicated by 488 (green) labeling for GFAP immunohistochemistry. (c) Neuronal degeneration, as indicated by Fluoro-Jade labeling. Arrowheads indicate site of cortical damage following the TBIs. Calibration bar in C = 500 μm for all images.](nihms-1010209-f0005){#F5}

###### 

Range of parameters used for TBI severity in rodent models.

  TBI severity   Mild                                          Moderate                                      Severe
  -------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------
  CCI -- mouse   5.0 m/s, 2 mm depth, 3.5 mm tip^[@R100]^      6.0 m/s, 2 mm depth, 3.5 mm tip^[@R100]^      7.5 m/s, 2 mm depth, 3.5 mm tip^[@R100]^
                 5.25 m/s, 1.5 mm depth, 3.5 mm tip^[@R101]^   5.25 m/s, 2.0 mm depth, 3.5 mm tip^[@R101]^   5.25 m/s, 2.5 mm depth, 3.5 mm tip^[@R101]^
                 6.0 m/s, 0.5 mm depth, 2.0 mm tip^[@R102]^    6.0 m/s, 1.0 mm depth, 2.0 mm tip^[@R102]^    6.0 m/s, 2.0 mm depth, 2.0 mm tip^[@R102]^
  CCI -- rat     6.0 m/s, 1 mm depth, 5 mm tip^[@R103]^        6.0 m/s, 2 mm depth, 5 mm tip^[@R103]^        6.0 m/s, 3 mm depth, 5 mm tip^[@R103]^
                 6.0 m/s, 0.5 mm depth, 3.0 mm tip^[@R102]^    6.0 m/s, 1.0 mm depth, 3.0 mm tip^[@R102]^    6.0 m/s, 2.0 mm depth, 3.0 mm tip^[@R102]^
                 3 m/s, 1 mm depth, 3.0 mm tip^[@R104]^        4 m/s, 2.5 mm depth, 5.0 mm tip^[@R104]^      
